Mimicking the cell structure, enveloping nanomaterials with a lipid bilayer is a unique way to increase biocompatibility.
[1] The supported lipid bilayer masks the underlying inorganic core, allowing different materials to have a common biointerface. Upon this lipid coating, various ligands such as aptamers, peptides and antibodies can be readily conjugated. [2] Furthermore, lipid bilayers are fluid, allowing dynamic organization of surface ligands for optimal polyvalent binding.
[3] A primary example is coating silica by phosphocholine lipids (PC).
[4] The PC headgroup contains a negatively charged phosphate and a positively charged choline ( Figure 1A ), rendering this zwitterionic lipid overall charge neutral.
Such simple PC lipid wrapping however does not occur on most other oxides, which encompass a diverse range of useful materials. A particularly important example is magnetic iron oxide, [5] [6] [7] which is widely used for drug delivery, imaging, biosensing and separation. [8] [9] [10] [11] [12] [13] [14] [15] To attach biomolecules to iron oxide, its surface needs to be first coated with hydrophobic ligands, carbon, or silica. [10, 11, 16, 17] Efforts have also been made to coat lipid membranes. For example, De Cuyper et al enveloped a phosphatidylglycerol (PG) bilayer on iron oxide, but the process takes 2 days of dialysis and ligand exchange. [18, 19] Beyond iron oxide, there are many other important oxides. Thus, a general procedure for their lipid coating and an understanding of their biointerfaces is of highly practical and fundamental importance.
Flipping the PC headgroup dipole produces a choline phosphate (DOCP, Figure 1B) . [20] This chemistry was recently used as a general adherent for cell membranes. [21] Herein, we compare ten common oxides by using DOPC and DOCP, and report a simple method for preparing lipid-enveloped oxide nanoparticles (NPs) in aqueous buffers and their bioconjugation.
To have a complete understanding, ten common oxide NPs (SiO2, Fe3O4, TiO2, ZrO2, Y2O3, ZnO, NiO, In2O3, ITO, and Mn2O3) were included in this study. These NPs were extensively washed to ensure a clean native oxide surface. Their TEM micrographs are shown in Figure S1 and most NPs are below 50 nm ( Figure  S2 ). Our liposomes were prepared by extrusion with an average size of ~100 nm ( Figure S3A ). DOPC is nearly charge neutral, while DOCP is anionic due to an extra charge on the terminal phosphate ( Figure S3B ). Using rhodamine (Rh)-labeled liposomes, we confirmed that all these oxide NPs can adsorb these two liposomes ( Figure S4 ).
After adsorption, the liposomes may further break and wrap the oxides to form supported bilayers, and we are most interested in these cases. To probe liposome breakage, a calcein leakage assay was performed. Inside each liposome, the calcein concentration was ~100 mM, leading to self-quenched fluorescence. Fluorescence enhancement would then indicate calcein leakage and compromised membrane integrity. For each experiment, the background fluorescence was monitored for 5 min before an oxide NP was added. In the end, Triton X-100 was added to fully rupture the liposome to calculate the extent of oxide-induced leakage.
Seven oxides (Fe3O4, TiO2, ZrO2, Y2O3, ITO, In2O3 and Mn2O3) leaked the DOCP liposome but not DOPC (Figure 2A ). SiO2 is the only one that leaked DOPC but not DOCP ( Figure 2B ). Finally, ZnO and NiO leaked both liposomes ( Figure 2C ). In most cases, liposomes only leaked partially by the oxides, which may be related to the different surface area and surface properties of the oxides. For this initial study, we are more concerned with whether leakage occurs rather than the extent of leakage.
To confirm a clean surface, we also freshly prepared Fe3O4 NPs in our own lab and they indeed showed a similar leakage profile ( Figure S5 ). In a separate test, we intentionally capped Fe3O4 using citrate to mimic surface contaminated NPs ( Figure  S6 ). In this case, a completely different profile was observed with an induction period that can be attributed to the displacement of the surface citrate by the DOCP liposomes, which in turn confirms that our NPs were not capped by strong ligands.
The leakage experiments suggest that the DOCP liposome might break on many oxides. However, other processes may also cause leakage such as local pore formation or even full membrane disruption. To further understand this, we carried out cryo-TEM experiment for a few representative oxides.
For the seven oxides in Figure 2A , we chose to study Fe3O4, since it is important for many applications and is the focus of this study. We could not find any intact DOCP liposomes ( Figure 1F ); instead, a ~5 nm lipid bilayer feature was observed around each Fe3O4 NP, confirming supported bilayers and explaining the above calcein leakage data. In sharp contrast, DOPC was adsorbed as intact liposomes ( Figure 1G) , [5] which is also consistent with its lack of calcein leakage. Their larger area cryo-TEM micrographs are shown in Figure S7 -S8. A cartoon describing their interactions is presented in Figure 1C . SiO2 leaked DOPC but not DOCP ( Figure 2B ). It is poorly adsorbed by DOCP liposomes (Figure 1H ), while DOPC formed supported bilayers on SiO2 ( Figure 1I ). [5, 22] This is exactly opposite to the oxides in Figure 2A (see Figure 1D for schematics). This cryo-TEM data can also explain the calcein leakage profile for SiO2. For the two oxides in Figure 2C , we picked ZnO for its biomedical and optical importance. Interestingly, we observed 'intact' spherical DOPC liposomes ( Figure 1K ), suggesting the leakage observed in Figure 2C was due to local pore formation at the interface. Different from the other tested oxides, which are negatively charged at neutral pH, ZnO and NiO are positively charged ( Figure 2D ). Many cationic materials induce defects in PC lipid bilayers, [23] and this might explain the leakage by ZnO without full liposome disruption. Quite surprisingly, we cannot find any intact DOCP liposomes when it was mixed with ZnO ( Figure  1J ). At the same time, the ZnO surface had no lipid coating, while ZnO induced full DOCP leakage ( Figure 2C ). Taken together, we attribute this to the strong interaction between ZnO and the DOCP phosphate group, which fully disrupted the lipid membrane.
Based on the calcein leakage, cryo-TEM and -potential data, we grouped these oxides into three types ( Figure 1C-E) . We also rationalize the grouping based on their surface properties. The seven type 1 oxides are all negatively charged and this is also consistent with their point of zero charge (PZC) reported in the literature (Table S1) . [24] All these oxides are likely to interact with the liposomes through the lipid phosphate group. [5, 7, 25] While both DOPC and DOCP have a phosphate, DOCP has a directly exposed phosphate that is not hindered by the choline group to allow full liposome wrapping.
The type 2 includes only SiO2, which leaked DOPC but not DOCP. While SiO2 is also negatively charged, it has the lowest PZC value of <2, which make phosphate binding very unfavorable at neutral pH. This might be a reason that silica uses mainly van der Waals force for lipid interaction. [26] The special surface property of SiO2 was noticed previously in the context of its strong surface acidity attributable to its bond strength to bond length ratio. [27] The type 3 oxides include positively charged ZnO and NiO. [28] They leaked both liposomes by membrane damage. Therefore, type 3 oxides might be more toxic to cells. Among these, the type 1 and 2 oxides are the most useful candidates for preparing supporting bilayers.
An inorganic core supporting a conformal bilayer membrane is a very useful construct.
[1] We next optimized the buffer conditions for the liposome wrapping reaction using Fe3O4. Both Fe3O4 and DOCP liposomes are negatively charged at neutral pH, and we found that liposome wrapping was promoted at higher salt concentration, lower pH, while temperature has almost no effect from 25 to 45 C ( Figure S9A-C) . We proposed that the lipid phosphate is responsible for DOCP liposome wrapping, and this is supported by that free inorganic phosphate has an inhibition effect on calcein leakage ( Figure S9D ). This is explained by the free phosphate capping the particle surface, thus competitively inhibiting DOCP liposome adsorption. Most previous work used hydrophobic ligands to cap magnetic NPs, and a phase transfer or ligand exchange reaction was required to bring the particles to the aqueous phase. [11, 18, [29] [30] [31] [32] Here, all the operations are carried out in an aqueous solution with a simple mixing step.
In the above work, we have profiled the oxides based on their lipid interactions, and established a general method to coat the type 1 oxides with a lipid bilayer. In addition, important insights regarding surface charge and chemical interactions were obtained. With a lipid envelope, many applications are possible.
In this initial study, we demonstrate bioconjugation on Fe3O4 and cellular uptake. We first tested cellular uptake using Fe3O4 NPs mixed with DOPC ( Figure 3B ) and DOCP ( Figure 3C ). Both liposomes contained 1% Rh label, and these labeled lipids can be directly incorporated during liposome preparation ( Figure 3A , reaction 1). The DOCP conjugate showed much better cellular uptake. Compared to the normal PC lipid, the CP headgroup has a flipped dipole. It has been recently proposed that this flipped dipole might adhere strongly to the cell membrane, [21] which might be a reason for its drastic uptake by cancer cells. Our quantitative ICP-MS measurement of the iron content confirmed that the DOCP coated Fe3O4 was internalized ~60% more than the bare NP ( Figure S10 ). The biocompatibility of these materials were also measured. The DOPC and DOCP conjugates were not much different compared to the bare Fe3O4 in terms of toxicity ( Figure  S11 ); all were highly biocompatible.
After studying cellular uptake, we next tested bioconjugation. Attaching ligands to iron oxide is not a simple task; it often involves organic solvents or coating another inorganic layer. [10, 11, 16] With a lipid coating, we can readily achieve bioconjugation. For example, we incorporated a small fraction of the MPB-PE lipid (5%) into DOCP. Thus, molecules with a free thiol can covalently attach to the maleimide group ( Figure 3A , reaction 2). To demonstrate this, we employed a thiolated DNA and the bovine serum albumin (BSA) protein, both containing a carboxyfluorescein (FAM) label. When these conjugates were mixed with cells, strong green fluorescence from the DNA ( Figure  3D ) and BSA ( Figure 3E) were observed, and they co-localized with the red lipid emission from the Rh label, suggesting these molecules were carried into the cells by the supported bilayers. The free DNA or BSA cannot be internalized by the cells ( Figure  S12 ). This DNA construct is similar to the liposomal spherical nucleic acids by Mirkin and co-workers, [33] but it contains a magnetic core that allows additional manipulation of the conjugate. Bioconjugation can also be readily achieved by direct insertion of lipid-modified molecules ( Figure 3A, reaction 3) . For example, we mixed the Fe3O4/DOCP hybrid with a cholesterol and FAM dual labeled DNA, and efficient DNA uptake was also achieved ( Figure  3F ). The above studies only showed the conjugation reactions without using the magnetic property of the core. Finally, magnetic separation was studied. We attached a cholesterol-TEG labeled A15 DNA to the conjugate. At saturation, ~600 DNAs were attached to each 30 nm Fe3O4 NP ( Figure S13) . These particles were then added to a solution containing a mixture of two DNA: Alexa Fluoro 647 (AF)-labeled T15 (target DNA) and a FAMlabeled random DNA (rDNA). The initial fluorescence spectra showed strong emissions from both fluorophores ( Figure 4B , black lines). After adding the NPs and magnetic separation, the AF emission was significantly reduced due to its hybridization with the surface A15, while the FAM emission was not affected ( Figure  4B , red lines), suggesting successful DNA hybridization and magnetic separation. This experiment also indicates that DNA has maintained its molecular recognition function on the supported bilayer surface. In summary, this work provides a general method for capping a number of important metal oxides with an engineered lipid bilayer. We obtained a comprehensive understanding on the interaction between various oxides and PC/CP liposomes, allowing us to classify the oxides into three types. Other than the cationic metal oxides, which damage lipid membranes, the rest can all form supported bilayers with either DOPC, or in most cases with DOCP liposomes. We further demonstrated a few applications of magnetic iron oxide NPs enabled by the lipid envelope. Further work on improving NP colloidal stability and in vivo studies with targeting ligands will prove the full potential of this hybrid material. Compared to the previously reported methods for manipulating magnetic NPs, our method requires only a simple mixing step in an aqueous buffer. This simplified operation will likely enable more researchers to use this material for a diverse range of applications.
